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Abstract 
Lithium-ion batteries play a fundamental role in the development and 
commercial success of electric vehicles, due to their higher charge and discharge 
efficiency, and their high energy density. On the other hand, significant research 
challenges are still present, for instance understanding and mitigating the 
degradation processes that lead to capacity and power fade in batteries, as well as 
prototyping and characterizing new materials for improving the energy density, 
safety, and reduce costs.  
In this scenario, coin cell testing is a very important experimental technique to 
analyze the performance of Lithium-ion batteries, and collect data to develop and 
verify behavioral models that can describe the charging and discharging dynamics 
and the voltage response of the battery in presence of variable input current.  
The proposed research project focuses on studying the process of analyzing the 
charging/discharging performance of Li-ion cell electrode materials through coin cell 
fabrication and half-cell testing. By analyzing the experimental data, important 
information can be found on the charging and discharging performance and 
efficiency of the cell. In addition, the dynamics of the lithium transport process can 
be assessed, as well as its dependence on usage and environmental factors such as 
C-rate, State of Charge (SOC) and temperature. This study will provide quantitative 
information on the physical and chemical properties of electrode materials, and 
improve our understanding on how such materials can improve the energy density, 
safety, and reduce costs of Lithium-ion batteries. 
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Chapter 1: Introduction 
1.1. Motivation for Li-ion battery research 
The large of number of automobiles currently in use around the world have 
caused and are still causing serious problems such as air quality, global warming and 
depletion of primary energy resources. Because of the rapidly increasing fuel costs 
and stringent emissions standards, it is necessary to develop a safe, clean and highly 
efficient transportation [1]. To meet the revolutionary challenge, major automotive 
manufacturers release the hybrid and electric vehicles onto the market. Toyota 
launched Prius in 1997 [2], still today, it is first electrified vehicle on the market. And 
Tesla Model S was named “Motor Trend’s Car of the Year” introduced in 2012 [3].  
Currently, Lithium-ion batteries are the solution of choice for hybrid and electric 
vehicles due to the high energy density and long life cycle [4]. Specific power is the 
maximum power available per unit mass, and determines battery weight for a given 
power target. Specific energy is the nominal battery energy per unit mass which 
determines battery weight to achieve an electric range. As seen in Figure 1, Li-ion 
Batteries cover a wider range of specific energy and specific power while compared 
to other battery types. In a hybrid electric vehicle, a battery pack is used to provide 
propulsion along with the internal combustion engine, while in an electric vehicle, 
the battery pack provides all the power. The battery pack is charged and discharged 
repeatedly during vehicle operation.  
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Figure 1 The Ragone Plot for Various energy storage devices [6] 
However, there are some limits in the current battery technologies that pose 
constrains to the performance of electric vehicles, such as the driving range, as well 
as to the high purchase and warranty costs. It has been estimated that a reduction of 
30% in the costs and an increase of energy density of two times over the current 
state of the art will be needed to facilitate a larger penetration of electric vehicle in 
the market [5]. In order to satisfy the above requirements, it is critical to find ways to 
improve the performance of Lithium-ion batteries and to reduce their production 
costs, for instance through the development of new electrode materials.  
This project will focus on characterizing the charge/discharge characterization of 
Lithium-ion battery materials to understand how their performance correlates with 
usage conditions and environmental factors. It is expected that this research will 
provide quantitative information on the physical and chemical properties of 
electrode materials, and improve our understanding on how such materials can 
improve the energy density, safety, and reduce costs of Lithium-ion batteries.  
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1.2. Objective 
   The purpose of this research is to determine the charge/discharge behavior of 
electrode materials for Lithium-ion batteries using coin cell testing. Specifically, the 
proposed research objectives include: 
• Fabricate half cells of Lithium Iron Phosphate coin cell using cathode materials 
harvested from A123 cells to study the charge and discharge behavior. 
• Use the instruments at OSU-CAR to test Lithium-ion coin cells prototypes 
focusing on the formation cycling and capacity assessment.  
• Cycle coin cells and measure relevant parameters including capacity, resistance, 
state of charge and open-circuit voltage, to understand the charge and discharge 
behavior for each individual cell. 
• Analyze the relationship between capacity, resistance and cycle number when 
charging and discharging. 
   In this project, coin cell prototypes will be used to perform different tests, 
including current and voltage cycling, and capacity testing. The experimental data 
collected in this research will be also used to study the dynamics of the lithium 
transport process and determine the influence of several usage and environmental 
factors such as C-rate, State of Charge (SOC) and temperature on the voltage 
response to a transient input current profile. 
 
 
 
4 
 
Chapter 2: Background 
2.1. Definitions 
The terminal voltage is the voltage between the battery terminals when a load 
is applied. The open-circuit voltage (OCV) is the voltage between the battery 
terminals when there is no load applied. 
The internal resistance is an overall resistance within the battery which varies 
with charge level and temperature, and generally different or charging and 
discharging. When the internal resistance is increased, the batter efficiency 
decreases due to more charging energy is converted to heat. 
The battery capacity is the amount of electric charge it can store in a specific 
condition. The capacity is measured by discharging a fully charged battery through a 
load at a constant current rate. The capacity is calculated by integrating the current 
in time. 
capacity = − ∫ 𝐼(𝑡)𝑑𝑡
𝑉𝑚𝑎𝑥
𝑉𝑚𝑖𝑛
 ( 𝐼 > 0 𝑚𝑒𝑎𝑛𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔)  (1) 
Since the chemical reaction in the battery cells, the capacity of a battery usually 
depends on the discharge conditions such discharging current rate, temperature and 
other factors. For example, if the battery is discharged at a relatively high current 
rate, the capacity would be lower than expected. 
Current rate (C-rate) is a measure of the discharge current relative to its capacity. 
1C rate indicates to the current at which the battery will fully discharge in one hour.           
State of charge (SOC) refers to the present available battery capacity as a percentage 
of nominal capacity.   
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SOC = 𝑆𝑂𝐶0 −
1
𝐴ℎ
∫ 𝐼𝑑𝑡     (2) 
In Equation 2, 𝑆𝑂𝐶0 refers to the state of charge at the beginning of testing. 
2.2. Basic operating principles of Li-ion Batteries 
Li-ion batteries are commanding a greater market share due to their high energy 
density. Figure 2 shows a schematic diagram of a typical Lithium-ion Cell. A lithium 
metal oxide (𝐿𝑖𝑀𝑂𝑥), where M stands for metals, and lithiated carbon are the active 
materials in the positive and negative electrodes. The metals in the positive 
electrode are transition metals. The active materials are bonded to metal-foil 
collectors at both ends of the cell and electrically separated by a microporous 
polymer separator film or gel-polymer. Electrolytes enable lithium ions to move 
between the positive and negative electrodes. [7] 
In this research, electrodes will be extracted from an existing 20Ah lithium-iron 
phosphate (𝐿𝑖𝐹𝑒𝑃𝑂4) prismatic cell from A123, and used to build half-cell the 
cathode is made of lithium-iron phosphate and the anode is pure lithium metal 
( 𝐿𝑖𝐹𝑒𝑃𝑂4|𝐿𝑖 ). In general, electrochemical reactions occur at the surfaces of 
electrodes, the interface between electrode and electrolyte accumulates opposite 
charges to form a double layer, which is like a capacitance [8]. However, a battery 
cannot operate ideally. When electrons and charged particles traverse the electrolyte, 
they face a resistance which caused by the conductivity of the electrolyte and the 
distance between the electrons. This resistive effect causes the internal resistance of 
battery. Generally, resistance and capacity dominate the response of a battery. 
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Figure 2 Schematic diagram of a Li-ion cell [7] 
In the positive electrode, the active material is oxidized during charge: 
𝐿𝑖1−𝑥𝐹𝑒𝑃𝑂4 + 𝑥𝐿𝑖
+ + 𝑥𝑒−                           𝐿𝑖𝐹𝑒𝑃𝑂4    (3) 
In the negative electrode during charge, the active material is reduced and 
lithium ions move from the positive electrode and through the separator with the 
help of electrolyte to the negative electrode:  
Li                         𝐿𝑖+ + 𝑒−     (4) 
As Lithium-ion batteries are subjected to multiple cycles, they lose capacity due 
to the physical and chemical degradation of the positive and negative electrodes, and 
the electrolyte. 
Recent studies have shown that the impedance rise and capacity fade during 
cycling are primarily due to the positive electrode [9].  
 
 
discharge 
charge 
discharge 
charge 
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2.3. Introduction to charge and discharge testing 
The dynamic performance of a battery in charge and discharge is the speed at 
which current can be put into and taken from storage. The terminal voltage rises and 
falls during charging and discharging. The charge and discharge dynamics of batteries 
can be characterized by measurements of voltage under constant charge and 
discharge current inputs [7]. Figure 3 shows a battery being charged at low, medium 
and high rates. The high rate discharge case indicates that the voltage drops quickly 
so that only a part of capacity can be used at high discharge rates. 
 
Figure 3 Example voltage curves for different discharge rates [7] 
The charge can be controlled by current or voltage. Charging usually consists of 
periods of constant-current (CC) and/or constant voltage (CV) charging. Figure 4 
shows an example CC-CV charging profile. A CC charge is applied initially to bring the 
voltage up to the CV level. If the CV charge at the beginning, the current will be too 
high and excessive temperature rise will happen. Once the voltage has been achieved 
the desired voltage, CV charging begins and the current decreases. If we simply 
charged a cell until the desired voltage and then cut the current, the cell voltage will 
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likely drop and eventually stabilize to a value lower than the desired voltage, which 
indicates that the cell did not fully charged. 
 
Figure 4 Example of constant-current and constant-voltage charging curve profile 
2.4. Overview of formation cycles 
Formation cycling is the process that consists of charging and discharging a cell 
for the first time after it has been assembled. During this process, a cell is cycled 
multiple times consecutively, using very low current (typically, C/20).  
The reason for performing the formation cycles is to gradually build up the film 
that forms on the surface of the electrodes (called the solid-electrolyte interphase 
layer - SEI), which allows for a more smooth, stable flow of Li ions and prevents 
internal shorting. After formation, cells can undergo a suite of initial characterization 
tests and measurements.  
The current profile and test protocols for formation cycling are similar to 
capacity tests. A capacity test is designed to measure the maximum capacity (or 
charge) that a cell can supply between two predefined voltage limits. The voltage 
limits depend on the materials of anodes or cathodes. In case of 𝐿𝑖𝐹𝑒𝑃𝑂4 cathodes, 
these limits are typically on the order of 2.5 V lower to 3.6 V upper [10]. 
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Chapter 3: Experimental setup 
3.1 Equipment for cell fabrication and characterization 
The first stage of this project consists of the fabrication of half-cells using the 
electrode material harvested from A123 battery packs. Half-cell experiments will 
allow us to assess the charge and discharge behavior of each electrode. In order to 
do the fabrication and characterization, the following equipment has been used. 
When doing the coin cell fabrication, electrodes and separators are cut by 
Precision Disc Cutter. This disc cutter, shown in figure 5, is designed for cutting round 
disc from thin metal sheet. It contains 10 punches which are made from precision 
ground hardened alloy steel. A hammer is needed to punch the metal through the 
die. 
 
Figure 5 Precision Disc Cutter (MTI) 
An ultrasonic cleaner, shown in figure 6, is a fast and safe cleaning product that 
utilizes an ultrasonic cleaning process. The cleaner uses ultrasounds (usually from 
20–400 kHz) and an appropriate cleaning solvent to clean items. For coin cell 
fabrication, the ultrasonic cleaner is used to clean the impurities on those elements’ 
surface such as casing, spacer, spring, separator and cathode.  
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Figure 6 Ultrasonic cleaner (Branson 1510 DTH) 
A vacuum oven, shown in figure 7, is used to handle heat-sensitive or 
oxygen-sensitive substances with unparalleled gentleness when drying. A 
vacuum or standard atmospheric condition is controlled inside the Vacuum Oven 
when it is used for process drying. Before the coin cell assembly, all cell 
components need to be put in the vacuum oven at 75 degree C and leave 
overnight to dry. 
 
Figure 7 Vacuum oven (VWR Symphony) [11] 
The coin cell assembling process is performed in glovebox, shown in figure 8. 
The glovebox features on automatic regenerable oxygen and moisture single purifier 
unit so that it can prevent oxygen and moisture pollution of battery material and 
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sustains an inert Argon atmosphere. The glovebox is designed to develop a clean 
atmosphere, which can be used to store and operate on air-sensitive materials, such 
as lithium metals and electrodes. Because the lithium metal is very sensitive to 
oxygen and water, the coin cell assembly must be done in the glovebox. 
 
Figure 8 Glovebox (MBraun LABstar) [11] 
The Compact Hydraulic Crimping machine, shown in figure 9, is then used to 
seal the coin cell after the assembly to prevent electrolyte leakage. The crimper seals 
the coin cells by giving a vertical pressure on the coin cells and the pressure 
periphery. The crimping machine is kept inside the glovebox. 
 
Figure 9 Compact Hydraulic Crimping Machine ( MTI MSK-110) [12] 
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Finally, a Coin Cell Cycler, shown in figure 10, is a testing system for battery and 
other electrochemical energy storage devices. Each channel of cycler operates 
independently and runs Galvanostatic Cycling and Cyclic Voltammetry tests on 
batteries at the same time. In order to ensure the cells are cycled under a specified 
temperature, cells are put into the environment chamber in which the temperature 
can be controlled at 25 degrees. Figure 11 shows the specifications of Arbin Coin Cell 
Cycler. 
 
Figure 10 Coin Cell Cycler (Arbin), with environment chamber (CSZ) 
 
Figure 11 Specification of Arbin Coin Cell Cycler 
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3.2 Coin cell fabrication procedure 
3.2.1 Preparing and Cleaning 
The materials used to assemble the coin cell included a lithium reference 
electrode, a cathode, a separator, a spacer, a spring, and coin cell casings. A 
ring-shaped spring is placed between the negative casing and the spacer in order to 
ensure adequate pressure is applied to the cell components. The spacer is made 
from stainless steel. A thin layer of polymer plastic from Celgard Corporation is used 
as the separator. MTI Corporation provides most materials such as all type coin cases, 
springs and spacers. The electrolyte is from EMD and contains 1:1 ethylene 
carbonate and dimethyl carbonate.   
There are generally two ways in which working electrode are obtained. One is 
to harvest the electrode disk from an existing commercial battery that has been 
disassembled. In this case the electrode may need to be cleaned to remove the 
impurities on the surface prior to assembly. Another way is to fabricate an electrode 
from pure materials by mixing together active electrode material powder with a 
binder. 
In this project, electrodes will be taken from an existing 20Ah lithium-iron 
phosphate (LiFePO4) prismatic cell from A123. However a commercial cell typically 
contains a double sided electrode. In this case, one of the two sides of each 
electrode will have to be cleaned to remove the coating. NMP solvent 
(1-methyl-2-pyrrolidinone) is needed when dissolving the coating. For cleaning, dip a 
14 
 
cotton swab in the NMP and apply it to the electrode coating, making a circular 
motion to dissolve away the material. 
Once the electrode is clean, a 12 mm diameter disk can be cut using the punch. 
The disk should be soaked in DMC solvent for 10 min in order to remove 
contaminants from the surface. A thin layer of polymer plastic is used as the 
separator which should be cut into 18 mm disks using the punch. The separator is 18 
mm while the electrode is 12 mm because it is easier to assemble. When assembling, 
it is hard to make sure all the components are perfectly aligned. If the separator is 
bigger than the electrode, it is easier to guarantee that the working electrode and 
counter electrode will be electrically isolated. 
Casings, spacer, spring, separator and cathode are placed to be cleaned in a 
beaker filled with isopropyl alcohol, and then put them into the ultrasonic cleaner 
for 10 min. These elements need to be cleaned since there may be impurities on 
their surface. If the cleaning dose not complete before assemble, these impurities 
may influence coin cell’s properties such as capacity and impedance. The counter 
electrode (Li metal) does not need to be cleaned because lithium is highly reactive 
and reacts with water and oxygen, so these materials should be kept inside the 
glovebox at all times. 
After the cell components cleaning, one placed in the vacuum oven at 75 
degree C and left overnight to dry. The vacuum environment inside lower the boiling 
temperature of water and facilitates evaporation, in order to avoid damaging the 
materials from the presence of water. 
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3.2.2 Assembly 
The materials are then transferred to the glovebox after drying. The structure of 
the coin cell can be seen in Figure 11. 
 
Figure 12 Components of coin cell [13] 
When assembling a coin cell, spring is first placed in the negative case. A spacer 
is placed on the top of the spring. Anode which is lithium metal is placed on the 
spacer.3 drops of electrolyte are placed on the Li metal and then place the separator. 
Separators are soaked in a beaker with electrolyte for about 5 min prior assembly. 
Electrolyte helps facilitate lithium-ion transfer between counter electrode and 
working electrode. Inadequate electrolyte will decrease the power the coin cell by 
increasing its internal resistance. If there is too much electrolyte, the electrolyte will 
spill out during the crimping process, but it will not harm the properties of the cell. 
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Place another 3 drops electrolyte on the separator, and then place the cathode. 
Place the positive case at last and press the cell together. 
After all elements are aligned, crimp the coin cell by using a compact hydraulic 
crimping machine. The cell can be crimped up to a pressure of 1500 psi. After 
fabrication, remove the cell from the glovebox.  
3.3 Formation cycling procedure 
Formation cycling is the process which charge and discharge the coin cell 
between upper and lower voltage limits at a constant low current (C/20). The upper 
and lower voltage limits are determined by the electrode materials. The reason for 
doing formation cycle is to build up the film that forms on the surface of the 
electrode (called the solid-electrolyte interphase layer - SEI), which allows for a more 
smooth, stable flow of Li ions and prevents internal shorting. After formation, cells 
can undergo a suite of initial characterization tests and measurements.  
When doing the formation cycling, first verify that the cell holds a voltage (the 
measured voltage should be >3V). If the cell doesn’t hold a voltage, the cell may have 
shorted and cannot be used. Then the cells should be charged and discharged at a 
current rate of C/20 rate between upper and lower voltage (the voltage limits 
depend on if we are using an anode or cathode – these limits are appropriate for the 
𝐿𝑖𝐹𝑒𝑃𝑂4 cathodes typically on the order of 2.5 V lower to 3.6 V upper). Since the 
true capacity of the coin cell is not known prior to the formation cycling, the C/20 
rate can be approximated by calculating a theoretical capacity according to: Q=qALρ, 
where q is the specific capacity of the electrode material (Ah/kg), A is the electrode 
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disk area (m^2), L is the electrode thickness (m), and rho is the material density 
(kg/m^3). 
In order to charge and discharge the coin cell by using the coin cell cycler, a 
software program called MITS Pro is used. Figure 12 shows the main screen for the 
MITS Pro software interface. In order to finish once formation cycling, set 3 minutes 
rest at first. Then charge the cell at a constant current rate of C/20. After the charging, 
set 30 minutes rest, and then discharge at a constant current rate of C/20. 
 
Figure 13 the setting for the formation cycling 
There are some constraints need to be set when doing the charging and 
discharge. When the cell is being charged, the charging step could be finished and 
turn into next step if the voltage is charged to the high limit. If the voltage is smaller 
than the lower limit or the charging step time is greater than 30 hours, the charging 
step will be ended. The cycler records data every second. For discharging, the 
discharging step could turn into next step if the voltage is discharged to the low limit. 
And the discharging will be ended if the voltage is greater than the upper limit or the 
charging step time is greater than 30 hours. 
In order to analyze the charging and discharging characterizations, the charging 
and discharging processes are repeated on 5 cells for 4 times.  
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Chapter 4: Results and Discussion 
4.1. Description of capacity test 
In order to conduct the formation cycles and evaluate the variations in the 
capacity and internal resistance capacity of the coin cell samples, all cells are 
cyclically charged and discharged at a constant low current (C/20), and between an 
upper and lower voltage limit. The current and voltage profiles from a sample test 
are represented in figure 13. When doing the test, the cell is first rested for 3 
minutes, and then charged at a constant current rate to the upper voltage limit. 
After charging process, the input current is set to zero and the cell is held at rest 
conditions for 30 minutes. And then, the cell is discharged at a constant current 
rate to the lower voltage limit. In figure 13, I>0 means charging and I<0 means 
discharging.  
 
Figure 14 Current and Voltage profile during charging and discharging 
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In order to automate the tests, safety procedures were implemented in the 
Arbin cycler to stop the test in case specific events are triggered.  First, each phase 
of the test is ended if the measured voltage reaches some pre-established limits 
(specifically, 3.6V during charging 2.5Vs during discharging. Furthermore, a second 
constraint was applied, limiting the time for which each cell is subject to the input 
current during the charging or the discharging phase. If the rate of current drawn is 
C/20, the cell should in principle require 20 hours to reach each voltage limit.  In 
reality, this does not always occur, due to the high internal resistance and/or 
fabrication errors that could prevent the cell from reaching the threshold voltage. For 
this reason, the duration of each portion of the test (charging and discharging) is 
limited to 30 hours.  
4.2 Result of capacity test for cell #1 
Figures 14-15 show the cell voltage vs. capacity during the charging and 
discharging portion of the formation cycle illustrated in Figure 13. The results were 
obtained for the first formation cycle of cell #1.  
 
Figure 15 Charging profile for cell 1, cycle #1 
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Figure 16 Discharging profile for cell 1, cycle #1 
Looking at the first part of the test (Figure 14), the cell begins the charging 
process starting from approximately 3.4V, after a rest phase. The capacity is obtained 
by directly integrating the constant current over the charging portion of the test. It 
can be observed that the cell does not reach the upper voltage threshold (3.6V), 
because the maximum charge time is reached first. For this reason, the capacity 
(mAh) during the charging process cannot be precisely evaluated from the test data. 
A similar problem occurs during the discharging portion. After the rest from the 
charging phase, the cell begins discharging from 3.45V, and reaches only 3.2V after 
30 hours. Furthermore, interrupting each charge and discharge cycle before the 
threshold voltage is reached forces the cell to settle to a different relaxed voltage, 
hence starting the following phase (discharge or charge) from a different initial 
voltage condition. This means that the lithium concentration in the electrode at the 
beginning of each phase is different for each test, thus making it difficult to obtain an 
estimate of the cell capacity. 
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To this extent, a post-processing is done on the experimental data to 
approximate the value of the cell capacity. Specifically, the charging and discharging 
data are extrapolated to define the charge (mAh) condition at which the maximum 
and minimum voltage thresholds are reached. The procedure is detailed as follows: 
1. A fourth-order Fourier series is used to interpolate the charge and discharge 
voltage data (this function has been shown to well approximate the typical OCV 
profile of 𝐿𝑖𝐹𝑒𝑃𝑂4 electrodes): 
           
   CbCa
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
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sincossincossincos
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3322110


where C is the instantaneous cell charge; 
2. The 10 parameters of the above fourth-order Fourier series are identified on 
the capacity test data using a least-square curve fitting algorithm; 
3. The function is then extrapolated to find the charge value at which the 
voltage threshold is reached. 
Figures 16-17 illustrate the results of the procedure, respectively for the charging 
and discharging portion of the test.  
 
Figure 17 Extrapolated charging data for cell 1, cycle #1 
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Figure 18 Extrapolated discharging data for cell 1, cycle #1 
In the figures above, the blue lines show the original charging or discharging 
profile, whereas the red dotted lines indicate the profiles obtained by fitting the 
fourth-order Fourier series. To improve the accuracy of the extrapolation, the 
experimental data considered for the identification of the model parameters are 
limited to the last part of each test. The black lines represent the extrapolation using 
the curve fitting, while the red points indicate the condition where the thresholds at 
3.6V or 2.5V are reached. 
The procedure described above was applied to analyze four consecutive 
formation cycles, and the results are summarized in Table 1. Specifically, the initial 
cell voltage at the beginning of the charging and discharging phases is reported for 
each cycle, together with the final voltage reached in each test. 
    Since instrument is accurate up to 4mV, the voltage only can be recorded with 2 
significant digits.  
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Table 1 Initial and final condition for charging and discharging (cell 1) 
From the data in Table 1, it can be observed that there is a significant variation 
in the initial voltage and final voltage during each test and cycle, primarily due to the 
limitations in the testing procedure adopted. On the other hand, it can be observed 
that the discharging initial voltage remains fairly consistent across the four 
consecutive formation cycles.  
According to the equation 1, in order to correctly compare the cell capacity 
across the different formation cycles, the minimum and maximum voltage threshold 
should be reached consistently at the end of each discharge or charge phase. While 
the extrapolation procedure provides a guess of the cell charge at the end of each 
phase, the cell voltage at the beginning of each phase is never the same, according to 
Table 1. This can be further evidenced by calculating the mean and standards 
deviation for the initial conditions of the charging and discharging phase of each 
cycle, as shown in Table 2.  
 
Table 2 Mean and standard deviation of initial voltage condition, based on Table 1 
Because the final voltage thresholds have been made consistent with the 
extrapolation, an estimate of the cell capacity can be obtained by selecting the initial 
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condition that presents the minimum standard deviation.  
According to Table 2, the standard deviation for the discharging phase is much 
smaller than for the charging phase, meaning that after the charging process ends 
the cell relaxes to approximately the same voltage. This should provide a consistent 
initial condition for the discharge test. 
To this extent, the cell capacity during the formation cycles is calculated by 
considering only the discharging portion of each cycle. Table 3 summarizes the 
capacity of Cell 1 during four consecutive formation cycles. According to equation 1: 
𝐶 = ∫ 𝐼𝑚(𝑡)𝑑𝑡   (𝐼 < 0 𝑠𝑡𝑎𝑛𝑑𝑠 𝑓𝑜𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒)
𝑉𝑚𝑎𝑥
𝑉𝑚𝑖𝑛
 
In which 𝐼𝑚(𝑡) is measured current. Assume that: 
𝐼𝑚(𝑡) = 𝐼(𝑡) + 𝛿𝐼(𝑡)   (6) 
Where 𝐼(𝑡) is the real current and  𝛿𝐼(𝑡)  is error from measurement. So the 
capacity can be written by: 
𝐶 = ∫ 𝐼(𝑡)𝑑𝑡 + 
𝑉𝑚𝑎𝑥
𝑉𝑚𝑖𝑛
∫ 𝛿𝐼(𝑡)𝑑𝑡
𝑉𝑚𝑎𝑥
𝑉𝑚𝑖𝑛
   (7) 
In order to determine the cell capacity error, firstly, quantify error distribution 
considering portion of the test where the command constant current is -0.052mA. 
According to the specifications of instrument, the accuracy of low is ±10nA. The 
mean error of first cycle by subtracting the target current is  
𝛿𝐼 = 0.05200-0.05196 = 0.00004mA   (8) 
The capacity error of cycle #1 is calculated by: 
𝛿𝐶 = ∫ 𝛿𝐼(𝑡)𝑑𝑡
𝑉𝑚𝑎𝑥
𝑉𝑚𝑖𝑛
= 0.0012𝑚𝐴ℎ   (9) 
The error analysis is repeated for 4 cycles. 
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Table 3 Capacity vs. cycle number for Cell 1 
As expected, the cell capacity decreases rapidly during the first two cycles, to 
eventually settle to approximately 1.6mAh after the third cycle. This phenomenon is 
justified by the formation of the SEI layer during the initial lithiation, which forms a 
barrier to the flow of ions through the electrode, hence reducing the access to the 
active material. 
4.3 Result of resistance calculation for cell #1  
In order to calculate the cell internal resistance during the charging and 
discharging phase, the voltage difference and current difference during a sharp 
transient event need to be isolated. Based on the test profile shown in Figure 14, two 
specific events can be identified for calculation of the internal resistance. The first 
event occurs at the beginning of each test, when the cell is charged from rest 
conditions. The second event occurs after the cell has charged and rested for 30 
minutes, and just before is discharged. Since the current profile can be approximated 
as a step starting from zero, the internal resistance can be simply calculated as: 
I
V
R


   (10) 
In light of the above discussion, the initial voltage at which the resistance is 
calculated is generally not consistent across the different cycles, making it difficult to 
establish the initial value of the cell charge (or the state of charge)_before the cell is 
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charged or discharged. For this reason, a significant variability in the calculation of 
the internal resistance is to be expected.   
    Tables 4-5 summarize the charging resistance and discharging resistance 
respectively. Since the accuracy of voltage and current is ±4mV and ±10nA. The error 
of resistance can be calculated from Error transfer formula which is shown in 
equation 10: 
∆𝑁 =
𝛿𝑓
𝛿𝑥1
∆𝑥1 +
𝛿𝑓
𝛿𝑥2
∆𝑥2   (11) 
In which  𝑁 = 𝑓(𝑥1, 𝑥2). 
    By using the error transfer formula, the resistance error can be determined by: 
𝛿𝑅
𝑅
=
1
∆𝑉
𝛿𝑉 +
1
∆𝐼
𝛿𝐼   (12) 
Where 𝛿𝑉, 𝛿𝐼 𝑎𝑛𝑑 𝛿𝑅 present the accuracy of voltage, current and resistance. 
 
Table 4 Charging resistance of cell #1 
 
Table 5 Discharging resistance of cell #1 
Because of voltage accuracy of the instrument is ±4mV, only when ∆𝑉 is 
greater than 10mA, the ∆𝑉 can be considered reliable. However the resistance can 
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be calculated by equation 9 if and only if the time increment is nearly 0. In this 
testing, the time increment is 1 second which leads to the high uncertainty 
in ∆𝑉 𝑎𝑛𝑑 ∆𝐼. So the resistance results are not reliable. 
The internal resistance of the cell should change during the formation cycles as 
a result of many complex electrochemical phenomena, such as the SEI layer 
formation. The speed of these reactions, and therefore the resistive losses, depends 
on the concentration of reactants. So for example, at low SOC, the anode is lithium 
depleted, meaning that there is more resistance for the electrode to continue 
releasing lithium.  
It can also be observed that the values of the internal resistance are different 
during the charging and discharging conditions. This is due to the direction of the 
lithium ion flux inside the electrode (lithiation and delithiation), whereby lithium ions 
deintercalate from 𝐿𝑖𝐹𝑒𝑃𝑂4  (positive electrode) and transfer to Li (negative 
electrode) during charging, while the opposite process occurs during discharging. 
Lithium ions face a different resistive effect which caused by the conductivity of the 
electrolyte and the distance between the electrons during charging and discharging.   
On the other hand, it is important to point out that significant variability is also 
introduced during the cell fabrication process, for which it is very difficult to identify 
the factors that could affect the internal resistance, and quantify their impact.  
4.4 Results for cell 2-5 
Table 6-9 summarize the initial and final conditions for charging and discharging 
for cell 2-5 respectively.  
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Table 6 Initial and final condition for charging and discharging (cell 2) 
 
Table 7 Initial and final condition for charging and discharging (cell 3) 
 
Table 8 Initial and final condition for charging and discharging (cell 4) 
 
Table 9 Initial and final condition for charging and discharging (cell 5) 
The cell #3 only has 3 cycles since when the cell is performing the fourth cycle, 
the voltage during charging condition increases much faster than other cycles. It can 
be concluded that the odd voltage behavior due to the cell is dying after a number of 
cycles. For the cell #5, the discharging has not finished in the fourth cycle so that it 
also only has 3 cycles.  
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The mean and standards deviation for the initial conditions of the charging and 
discharging phase of each cycle for cell 2-5 are shown in Table 10-13. 
 
Table 10 Mean and standard deviation of initial voltage condition, based on Table 6 
 
Table 11 Mean and standard deviation of initial voltage condition, based on Table 7 
 
Table 12 Mean and standard deviation of initial voltage condition, based on Table 8 
 
Table 13 Mean and standard deviation of initial voltage condition, based on Table 9 
According to Table 10-13, almost for all the cells, the standard deviation for the 
discharging phase is smaller than for the charging phase except cell #5. However, 
generally, it still can be concluded the initial condition for the discharge test is more 
consistent than the charge test.  
The capacities for cell 2-5 are shown in table 14-17. 
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Table 14 Capacity vs. cycle number for Cell 2 
 
Table 15 Capacity vs. cycle number for Cell 3 
 
Table 16 Capacity vs. cycle number for Cell 4 
 
Table 17 Capacity vs. cycle number for Cell 5 
From table 14-17, for all the cells, capacities decrease rapidly during the first 
two cycles, to eventually settle to approximately 1.6mAh after the third cycle except 
cell #3. This is because the fabrication error may occur in the cell #3 such as 
electrolyte deficient, which would limit the ability of lithium ions to transport, 
increasing the resistance. Or there may have been a problem with the crimping 
process and not enough pressure is being applied to the cell components. Otherwise, 
the electrode may have some surface impurities that are prohibiting lithium 
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transport. Thus, the results of cell #3 are excluded due to inconsistent data. 
Tables 18-23 summarize the charging resistance and discharging resistance for 
cell 2-5 except cell #3. 
 
Table 18 Charging resistance of cell #2 
 
Table 19 Discharging resistance of cell #2 
 
Table 20 Charging resistance of cell #4 
 
Table 21 Discharging resistance of cell #4 
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Table 22 Charging resistance of cell #5 
 
Table 23 Discharging resistance of cell #5 
From table 18-23, it can also be observed that the values of the internal 
resistance changes with cycling. While comparing with cell #1, almost all other cells 
are having a decreasing internal charging and discharging resistance with cycling 
except the charging resistance of cell #2 keeping a constant one. However, there are 
many reasons will cause the differences of internal resistance such as fabrication 
errors, temperature and state of capacity. It is very difficult to identify the factors 
that could affect the internal resistance, and quantify their impact. 
4.5 Results summary for all cells 
In order to conclude the charging/discharging characterization of the lithium 
iron phosphate material, the capacities and internal resistances of all the cells are 
plotted with cycling numbers. Figure 18 shows the relationship between the capacity 
and cycle number. Figure 19 and 20 shows the relationship between charging internal 
resistance/discharging internal resistance and cycle number respectively.  
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Figure 19 Capacity vs. Cycle number 
 
Figure 20 Charging resistance vs. Cycle number 
 
Figure 21 Discharging resistance vs. Cycle number 
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From figure 18, it can be observed that the cell capacity decreases with cycling. 
After the third cycle, the capacities of all the cells eventually settle to approximately 
1.6mAh. This can be further evidenced by calculating the mean and standards 
deviation for the capacity of each cycle, as shown in Table 23. 
 
Table 24 Mean and standard deviation of capacity for each cycle 
The initial capacity is very different across the four samples, due to the 
variability caused by the fabrication process such as weight of materials, presence of 
contaminants, slight errors in assembly, etc. However, the cell-to-cell variation drops 
significantly after the third cycle. After the fourth cycle, all cells converge to the same 
capacity value, close to 1.6mAh. 
The behavior of internal resistance cannot be concluded precisely from the 
figure due to there are many unknown factor will influence the internal resistance. 
The mean and standard deviation of the charging resistance and the discharging 
resistance is shown in table 25 and 26 respectively. 
 
Table 25 Mean and standard deviation of charging resistance for each cycle 
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Table 26 Mean and standard deviation of discharging resistance for each cycle 
    In this case, however, there is a significant uncertainty associated to the way the 
resistance was measured (since the initial voltage is not always the same). Despite 
the issues with data acquisition and processing, it is possible to observe that the 
internal resistance generally decreases as the cells are progressively cycled, as 
expected. The standard deviation also decreases slightly during the formation cycles. 
    To obtain better estimate better estimates for internal resistance, more 
experiments could be performed. For example measuring the internal resistance with 
lower ∆𝑡, besides, more steps can be taken in current at different SOC.  
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Chapter 5: Conclusion and Future Work 
In conclusion, this research investigates the influence of formation cycles on the 
capacity and internal resistance of Lithium-ion cells, using half-cell fabrication and 
testing. Experimental data were collected for several cells, subjected to four 
consecutive charge and discharge cycles. A fourth-order Fourier series was used to 
interpolate the charge and discharge voltage profile. And the function is then 
extrapolated to find the charge value at which the voltage threshold is reached.  
Analysis and post-processing of the data allow to obtain estimates of the cell 
capacity and internal resistance, and observe their evolution during the formation 
cycles. The formation cycles contribute to “stabilize” the cell capacity and internal 
resistance to constant values, removing the initial variability caused by the 
fabrication and assembly process. The cell capacity generally decreases during the 
formation cycles, due to the SEI layer formation which creates a “barrier” and 
reduces the active sites in the electrode. On the other hand, the internal resistance 
generally decreases, as the morphology of the electrode and electrolyte materials 
changes due to the passage of current and ionic species. 
Given the small number of samples, the data could not be validated with more 
data sets. For the future work, additional fabrication and testing of coin cells could 
help in confirming the initial findings. Also, more formation cycles could be 
completed to observe whether the capacity will remain stable. 
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